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In 1898 F. Heusler discovered that certain a1loys 
containing only copper, manganese, and tin are ferromagnet-
1c.1 Since that _time, ferromagnetic alloys have been re-
, ported to occur in the ternary systems copper-manganese-
aluminum2, copper-manganese-arsenic,2 copper-manganese-
boron,2 copper-manganese-antimony, 2 copper-manganese-zinc3, 
silver-manganese-aluminum,4 and s1lver-manganese-tin. 4 
Such ferromagnetic alloys containing only non-ferromagnetic 
elements have come to be called "Hausler alloys." 
From the metallographic standpoint, the ferromagneti~ 
copper-manganese-aluminum and copper-manganese-tin alloys 
have bean the most fully investigated of the Hausler alloys 
These alloys owe their ferromagnetism to the beta phases in 
their respective systems. The structure of the beta phase 
is based on a body-centered cubic lattice. 
I: F. Hausler~ "Ueber magnetische Manganlegierungen," 
Verh. der deut. phys. Gesell., 5:219, 1903. 
2 F. Hausler, w. Starck, and E. Haupt, "Magnetisch-
chemische Studien," Verh. der deut. ~. Gesell., 5:224-
232, 1903. 
3 o. Hausler, "Uber das terna re System Kup fer-Zink-
:Mangan," z. anorg. Chern., 159:53, l926. 
4 H.H. Potter, "Some Magnetic Alloys and their Prop-
erties," ~· Mag. 12:255, 1931. 
2 
In view o~ the chemical similarities between alumin-
um, tin, gallium, and indium, and_ the existence of beta 
phases in the binary systems copper-gallium and copper-
indium, it may be suspected that ternary beta phases exist 
in the systems copper-manganese-gallium and copper-manganesE 
-indium, and that these are ferromagnetic. The purpose of 
this investigation was to determine whether ferromagnetic 
beta phases exist in the systems copper-manganese-gallium 
and copper-manganese-~dium, analogous to the ferromagnetic 
beta phases in the systems copper-manganese-aluminum and 
copper-manganese-tin. 
The discovery of new magnetic alloys should be of 
interest both to the physicist and to the electrical 
engineer; to the physicist in the development o~ magnetic 
theory, and to the engineer with regard to possible tech-
nical applications. 
CHAPTER II 
REVIE£11 OF THE LITERATURE 
Before considering the possibility of forming ferro-
~agnetic beta phases in the systems copper-manganese-indium 
and copper-manganese-gallium, it will be \'/ell to first re-
~iew the metallography of the ferromagnetic copper-manganesE 
-aluminum and copper-manganese-tin alloys. 
System Copper-Manganese-Aluminum. The ferromagnetic 
copper-manganese-aluminum alloys have the beta structure, 
which is based on a body-centered cubic latt1ce.1 ' 2 The 
ternary beta phase region may be viewed as an extension of 
the beta field of the binary copper-aluminum system into 
the ternary model of the copper-manganese-aluminum system. 
The equilibrium diagram of the copper-aluminum system is 
shown in Fig. 1.3 The ternary model of the ternary system 
is bounded on the copper-manganese side by the equilibrium 
4 diagram of the copper-manganese system (Fig . 2). Since no 
.L o. Hausler, "Zur Kenntnis der Heuslerschen Leg ier-
ungen:Uber das Mangan-Aluminium-Kupfer," z. anorg. Chern., . 
171:126, 1928. . 
2 ::H.H. Potter, "The X-Ray st.ructure and Magnetic 
Properties of' Single Crystals of Hausler Alloy, 11 Proc. Phys4 
~pc., 41:135-142, 1929. 
3 G.V. Raynor, Annotated Equilibrium Diagrams, 
(London: The Institute of Metals, 1944), No. 4. 
4 R.S. Dean, J.R. Long, T.R. Graham, E.V. Potter, 
and E.T. Hayes, "The Copper-Manganese Equilibrium System," 
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Fig . l . Equilibrium Diagram o~ the Copper-Aluminum 
System . (The Institute o~ Metals . ) 
Fig. 2 . Equilibrium Diagram o~ the Copper-Manganese 
System. (Dean et al . ) 
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5 
ody-centered cubic phase exists in this system, the ternar 
eta field cannot terminate in any phase field in the b inar 
copper-manganese system. The comp osition and tempera ture 
anges of existence of the terna ry beta phase have not been 
ompletely worked out. o. Heusler has published incomplete 
iagrams showing the projection of the surface of primary 
rystallization and partial sections through the copper-
anganese-aluminQm ternary mode1. 1 These are reproduced in 
ig. 3 and 4. 
Alloys quenched from the beta range retain the beta 
tructure and a re ferromagnet1c. 1 ' 5 ' 6 In general, the 
agnatic saturation moment of quenched beta alloys increase 
n ageing. 1 ' 5 '7,S The composition of the alloy having 
ighest magnetic saturation moment corresponds to the simpl 
ormula Cu MnA1.5,7 For an alloy of this compo s 1~1on, o. 2 --
eusler reported a saturation intensity of magnetization 
f 530 ergs per cc. per oersted for the quenched alloy, and 
his value increased to 560 ergs per cc. per oersted on 
0 geing the quenched alloy for 4000 hours at liO C. 
5 o. Hausler, "Kristallstruktur and Ferromagnetismus 
er Mn-Al.-Cu-Legierungen," z. Metallkunde, 25:274-277, 1934 
6 A.J. Bradley and J.W. Rodgers, "The Crystal. Struc-
ure of the Hausler Alloys," Proc. Roy. Soc.(A), 1~44:340-
59' 1934. 
7 F. Hausler and E. Take, "The Nature of the Hausler 
lloys," Trans. Faraday ~., ~ 8:169, 1912. 
8 w. Krings and w. Ostmann, "Beitrag zur Kanntnis 
es Dreistoffsystems Kupfer-Aluminium-Mangan und se~er 





Fig. 3. - Projection o~ Surface o~ Primary Crystallization 
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Fig. 4. Sections Through Copper-Manganese-Aluminum 
Ternary Model. (0• Hausler.) 
7 
X-ray analysis indicates the presence of long-range 
order in the more strongly magnetic alloys.5' 6 The ideal 
ordered structure occurs in alloys of composition cu2I~l; 
the copper atoms occupy positions at cube centers while the 
aluminum and manganese atoms alternate at cube corners.5' 6 
This atomic arrangement is illustrated in Fig. 5. There 
are 16 atoms to the unit cell and a value of a 0 : 5.9 A. is 
reported by Potter. 2 In general, ordering is incomplete in 
quenched alloys, and is increased by ageing.5 
The ferromagnetism of beta alloys is destroyed by 
slow cooling due to transformation into non-ferromagnetic 
products. 6 '7 The same effect is produced by a geing at too 
high a temperature, and for the same reason. 6 '7 Details 
regarding the transformation products are not yet known. 
System Copper-Manganese-Tin. The ferromagnetic 
copper-manganese-tin alloys are analogous to those of the 
copper-mangaase-aluminum system; · they too have the beta 
structure.9 The extent of the ternary beta phase has not 
een worked out, although some idea of the composition 
range may be had from the schematic diagram published by 
Carapella and Hultgren and reproduced in Fig. 6.9 The 
ernary beta region is bounded on one side of the copper-
anganese-tin ternary model by the beta phase field of the 
system copper-tin (Fig. 7).10 As in the copper-
Carape11a and R. Hultgren, "The Ferromagnetic 
Beta Phase in the Copper-Manganese-T~ System' 
e Mn Q fiJo~Sn 
Fig. 5. - Atomic Arrangement in Ordered Beta cu2MnA~ 
and cu2~sn. 
8 
100 90 eo 10 eo 5o 40 30 
ATOMIC PERCENT COPPER 
Fig. 6. Beta Phase Range (Shaded Area) of Copper-
Manganese-Tin System. (Carapella and Hultgren.) 
. I 
.J 
Fig. 7. - - Equilibrium Diagram of the Copper-Tin System. 
(The Institute of Metals .) 
9 
10 
manganese-aluminum system, the ternary beta phase field 
cannot terminate in any phase field of the binary system 
copper-manganese. 
Alloys quenched from the beta range retain the beta 
structure and are ferromagnetic. In general, the saturatio 
moment or quenched alloys increases on ageing. The 
composition or the alloy having highest magnetic saturation 
. 9 11 
moment corresponds to the simple formula Cu2Mnsn. ' For 
an alloy of this composition, Carapella and Hultgren report 
a saturation magnetization of 660 ergs per cc. per oersted 
(76.65 ergs per gram per oersted) . 9 
X-ray analysis indicates the presence or long-range 
o~der in the more magnetic alloys.9 The ideal ordered 
structure occurs in alloys or composition cu2~n; the 
copper atoms occupy positions at cube centers, while the 
anganese and tin atoms alternate at cube corners. This 
atomic arrangement is illustrated in Fig. 5. In general, . 
ordering is incomplete in quenched alloys, . and is increased 
by ageing. The unit cell contains 16 atoms, and a 0 : 6.1608 
(Carapella and Hultgren) . 9 
The ferromagnetism of beta alloys is destroyed by 
slow cooling due to transformation into non-ferromagnetic 
roducts. The same effect is produced by ageing at too hi 
G.V. Raynor, Annotated Equilibrium Diagrams, 
(London: The Institute of Metals, 1944), No. 2. 
ll. ~·- E. Take and A. Semm, "Ma.gnetische Messungen von 
He1J,sl.erschen Z1nn.-Mangan Bronz.en," Verh. ~ deut. phys 
temperature and :for the same reason. Details regarding 
the trans:formation products are not yet known.9 
At the time this invest~gation was started, no in-
formation could be found regarding the constitution of 
11 
copper-manganese-gallium and copper-mans anese-indium alloys 
nor o:f the binary manganese-gallium and manganese-indium 
alloys. The equilibrium diagrams o:f the systems copper-
indium and copper-gallium are, however, known in part, and 
these are next considered with special re:ference to the 
beta phase :fields. 
System Copper-Indium. Fig. 8 shows the constitution 
~iagra~ of the copper-~dium system worked out on the basis 
o:f thermal, .microscopic, and X-ray studies by Weibke and 
Eggers. 12 ;~ These investigators showed by X-ray analysis 
~hat the beta phase has the body-centered cubic structure. 
rowder di:f:fraction photographs o:f quenched beta alloys 
rtaken at room temperature always showed extra diffraction 
~1nes indicative o:f a superlattice. 
Hume-Rothery and co-workers have reinvestigated the 
13 lbeta phase area in the copper-indium system, and their 
12 F. Weibke and H. Eggers, "Das Zustandsdiagramm 
~es Slstems Kup:fer-Indium,n ~. anorg. Chem.,.220:273-292, 
(1934). 
13 w. Hume-Rothery, G.V. Raynor, P.W. Reynolds, and 
lf.K. Packer, "Constitution and Structure o:f Alloys o:f Inter-
mediate Composition in the Systems Copper-Indium, Copper-
l1um1num, Copper-Germanium, Silver-Aluminum, and S11ver-
Permanium,~ J. Inst. Metals, 66:209-239, 1940. 
Fig . 8. - Constitution Diagram o~ the Copper-Indium 
System. (Weibke and Eggers . ) 
12 
13 
results are reproduced in Fig . 9. The boundaries of the 
beta field are in good agreement with those of Weibke and 
Eggers. High-temperature X-ray powder photographs taken by 
Hume-Rothery and co-workers of alloys in the homogeneous 
beta area show only the lines to be expected from a simple 
~ody-centered cubic structure. They conclude that the 
extra lines on the films of Weibke and Eggers are cha r a cter-
istic of quenched alloys, rather than of the a ctual struct-
ure at high temperatures. 
Systa~ Copper-Gallium. The first e xtensive investi-
gation of the constitution of the copper-gallium system 
~as that of Weibke, who published a diagram based on therm-
al, microscopic, and X-ray studies.~4 Weibke's diagram, a s 
~ublished by Hansen, 1 5 is reproduced in Fig. 10. Of 
~resent interest is the field marked beta . Weibke report-
ed that the structure of alloys in this field is body-cente"-
ed cubic, but that the beta copper-gallium alloys particulal-
~y resemb le beta copper-aluminum alloys in that the structw-e 
of quenched alloys depends on the cooling velocity. 
Hume-Rothery and Raynor re-examined the eonstitution 
of copper-gallium alloys16 in the region 18-32 atomic per 
~4 F. Weibke, "Das Zustandsdiagramm des Systems 
~up:fer-Ga.llium," z. anorg. Cham., 220:293-311, 1934~ 
1$ M. Hansen, Dar Au:fbau dar Zwe1stoffleg1erungen, 
(Berlin: Julius Springer, 1936),-p: 563. 
16 w. Hume-Rothery and G.V. Raynor, "The Constitutiol~ 
o:f the Copper-Gallium Alloys in the Region 18 to 32 Atomic 
p~r Cent. oC Gallium," l• ~· Metals, 61:205-222, 1937 •. 
~ .. ~ C, i . .., W[I C. HT PEP CPH 
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cent. o~ gallium, and published the diagra m which ·is r epro-
duced in Fig. 11. The phase boundaries o~ the hi gh temper-
ature beta phase are in good a greement with those of Weibke4 
Hume-Rothery and Raynor reported. that the beta structure is 
~etained by quenching from the homogeneous beta area only 
in alloys containing 22.5-23.8 atomic per cent. of gallium. 
~eta alloys lying outside these composition limits decompos-
ed on quenching. The same investigators also reported tw~ 
modifications o~ the beta phase which they designated as 
~eta prime and beta double prime, and suggested that a 
third modification exists below 420°C. 
In later papers by Hume-Rothery and co-workers, they 
~ave incorporated the beta prime and beta double prime 
~ields into a single phase field, . representative of the 
zeta phase (close-packed hexag onal structure) • . High temper-
~ture x-ray powder photographs taken by these investigators 
showed that the beta phase has a simple body-centered cubic 
structure.l3,l7 
The line of reasoning which guided the experimenta l 
portion of this investigation may be simply stated a s 
!follows: 
1. The beta phases of the terna ry systems copper-
~anganese-aluminum and copper-manganese-tin are ~erromagnet· 
17 W. Hume-Rothery, P.W. Reynolds, and G.V. Raynor, 
"Factors Affecting the Formation of 3/2 Electron Compounds 
1n Alloys of Copper, Silver, and Gold," J. ~· Metals, 
66:191~207, 1940~ 
': ,r 
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2. The beta phases in these ternary systems are ob-
tained by adding manganese to the beta phases ~f the binary 
systems copper-aluminum and copper-tin. 
3. Beta phases exist in the binary systems copper-
indium and copper-gallium. 
4. The following question is then presented: Do betc 
~hases exist in the ternary systems copper-manganese -indium 
and copper-manganese-gallium, and if so, are they ~erromag-
netic? 
In an attempt to answer this question, experiments 
were undertaken, the objects of which were as follows: 
l. To prepare a single-phase copper-manganese-indium 
alloy; to determine whether 1t is ferromagnetic; to determ-
ine whether it has the beta structure. 
2. To prepare a single-phase copper-manganese-gall1m 
/ 
alloy; to determine whether it is ferromagnetic; to determ-
1ne whether it has the beta structure. 
CHA?TER III 
EXPERIMENTAL IVJ.ATERIALS AND METHODS 
Metal Supplies. Alloys were prepared from high 
purity metals, the source and purity of which are indicated 
below. 
Copper, obtained from the National Research Corpor-
ation, Cambridge, Mass ., was reported to have the following 
analysis: 0.0015 per cent. iron, 0.0009 per cent. antimony, 
0.0008 per cent. lead, 0.0004 per cent. tin, 0.0004 per 
cent. nickel, 0.0002 per cent. bismuth, 0.001 per cent. 
arsenic, 0.0003 per cent. tellurium, 0.0031 per cent. 
silver, 0.0001 per cent. sulfur, 0.00004 per cent. oxygen, 
and 0.0000085 per cent. hydrogen. The indicated copper 
content is 99.99 per cent. 
Two lots of manganese metal were available. One lot 
was electrolytic manganese, presented through the courtesy 
of the Electro Manganese Corporation, Knoxville, Tenn. 
This manganese was stated to be representative of a grade 
assaying better than 99.96 per cent. manganese, principal 
impurities being: sulfur as sulfide, 0.014 per cent.; 
sulfur as sulfate, 0.002 per cent.; and iron, 0.001 per 
oent. The electrolytic manganese was treated for removal 
of hydrogen by heating at 500°0. for one hour in a quartz 
tube under a vacuum of 20 microns.1 
J. E.V 
20 
A small quantity of vacuum-sublimed manganese was 
obtained from the National Research Corporation, Cambridge, 
Mass. Analysis of this grade was stated to 1ndice.te: less 
than 0.001 per cent. nitrogen; 0.04 per cent carbon; and 
spectrographic traces of iron, silicon, aluminum, and 
magnesium. 
A generous supply of indium of 99.97 per cent. purit~~ 
was kindly donated by the Indium Corporation of America. 
A supply of gallium was the kind gift of the Eagle-
Picher Company of Joplin, Mo . 
Preparation of Allo~. Alloys were prepared by 
melting together the constituent metals in alundum thimbles 
in vacuum or under a helium atmosphere. Melting was 
attempted using a high frequency induction coil, but this 
was found satisfactory only for melts of the order of 100 
grams and greater. For smaller charges, the coupling 
between charge ~ coil was not sufricient to melt the 
t··' 
charge, so a Burrell High Temperature Electric Furnace, 
Model Al-9, was used. The charge was heated to ll00°C. for 
half an hour, and the melt allowed to cool in the crucible. 
The ·resulting ingot was inverted and remelted in order to 
promote homogeneity. 
Heat Treatment. Alloy specimens for heat treatment 
were sealed in evacuated Pyrex glass or Vitreosil tubes. 
Content of Electrolytic Manganese and Its Removal," Trans. 
A.I.M.E., Inst. Metals · ~., 161:373-381, 1945. 
The heat treating rurnace was a Type 86 Multiple Electric 
Furnace manu~actured by the Electric Heating Apparatus Co., 
Newark, N.J. Temperatures below 200°0. were measured by a 
mercury thermometer, and temperatures above 200°0. were 
measured by a chromel-alumel thermocouple in conjunction 
.with a Ho.skins Type HA Thermo-Electric Pyrometer. The 
thermocouple was calibrated against the melting points o~ 
lead (327°C.), zinc (419°C.), and antimony (630°C.). 
Temperature was adjusted by a Variac and was held within 
ten degrees of the desired temperature. The tip o~ the 
thermocouple was pl.3.ced in contact with the specimen t.,~'b~ 
in the ~urnace. 
Magnetic Measurements. For the indication o~ changes 
in magnetic properties of alloys with heat treatment, 
approximate values o~ specific saturation intensity of 
magnetization were measured at room temperatura. For this 
purpose, a magnetic balance was constructed. A description 
o~ the construction and operating characteristics or the 
magnetic balance will be ~ound in the Appendix. 
X-Ray Analysis. Powder dif~raction photographs were 
taken using the Straumanis technique. The camera was a 
cylindrical one having a nominal diameter o~ 57.3 mm. 
Un~iltered iron K radiation was used, supplied from a Baird 
Associates X-Ray Di~~raction Unit (gas-type tube). 
Powder samples were prepared from lump-annealed 
specimens b in an a ate mortar to 
22~ 
~ass the meshes of bolting cloth. The powders were 
anne~1ed as specified. The powder specimen was mounted in 
~he camera on a glass fiber with the aid of vaseline. The 
specimen was rotated. during exposure. 
CHAPTER IV 
EXPERIMENTAL RESULTS: SYST~1 COPPER-V~NGA~mSE-INDIUM 
With regard to choice of composition of a copper-
manganese-indium alloy likely to have the beta structure, 
it may be anticipated that the beta region of the ternary 
system has a composition range of some extent, by ana~ogy 
with the beta regions or the ternary systems copper-mangan-
ese-aluminum and copper-manganese-tin. Further, it may be 
anticipated, perhaps intuitively, that an alloy or compos-
ition Cu~In might have the beta structure, by analogy 
with the beta alloys of composition Cu2MnAl and cu2MnSn. 
An alloy of intended composition corresponding to 
atomic proportions Cu2Mnin was prepared by melting together 
the theoretical amounts of indium metal and copper-mangan-
ese master alloy (composition Cu2MU) in an alundum thimble 
under a vacuum of 17 microns, provided by a Cenco Hi-Vac 
pump, using a high-rrequency induction coil. The melt was 
allowed to cool in the crucible. The resulting ingot was 
inverted, remelted, and allowed to cool in the crucible. 
Chips taken from top and bottom of the ingot were 
analysed for copper and manganese. Copper was separated 
by precipitating as copper sulfide with hydrogen sulfide, 
and determined by the iodide method. The filtrate from 
the copper separation was analysed for manganese by 
Volhard's method.l The analysis showed a content of 42.5 
24 
per cent. copper, 18.0 per cent. manganese, and 39.5 per 
cent. indium (by difference). This ana~ysis corresponds to 
atomic proportions cu2 • 00Mn~.952rn1 • 00 ; the manganese con-
tent is somewhat lower than would correspond to the intend-
ed atomic proportions cu2Mnin. This alloy will be referred 
'' to as the "cu2Mnin alloy. 
This alloy was magnetic as prepared, measured specif• 
ic magnetizations of chips from top and bottom of the ingot 
being, respectively, 57.0 and 55.7 ergs per gram per oerstei; 
average, 56.4. It remained to establish whether this alloy 
had the beta structure. 
A portion of the ingot was sealed off in an evacuat-
ed Pyrex glass tube, homogenized for three days at 500°C., 
and quenched by breaking the tube under water. The spec-
ific magnetization of the quenched alloy was measured as 
58.0 ergs per gram per oersted (average from four different 
specimens). Under the microscope, the quenched alloy had 
the appearance of Fig. 12 and apparently consisted of a 
single phase. The specimen contained many holes and indiv-
idual grains were surrounded by wide, deep, cavities or 
cracks, a nd preparation of a suitable metallographic speci-
men proved difficult. 
A powder specimen for X-ray examination was prepared 
by crushing a portion of the homogenized ingot in an a g a te 
mortar to pass the meshes of bolting cloth. The powder was 
~ A.H. Low, A.J. Weinig, and W.P. Sohoder, Technical 
Methods gl O~e Analys1s,(New York: John Wiley & Sons, Inc., 
~939l. t). l. • 
Fig. 12 . - Copper-Manganese-Indium Alloy, Quenched 
from 500°C. 
100X Alcoholic FeC13-HCl Etch. 
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sealed o~~ in an ev~cuated Pyrex glass tube, a nne a l ed a t 
500°0 . for 2 hours, and quenched by b r eak i ng the tube under 
distilled water. The p owder wa s rinsed i n alcoh ol, then 
ether, and dried by holding near a light bulb . The p owder 
was separa ted ~rom glass fragments with a p ocket ma gnet, 
and screened through bolting cloth. 
X- ray dirfraction photographs of the p owder were 
taken using un~iltered K radiation from an iron target. 
The camera was cylindrical, Debye-Scherrer type, having a 
diameter of 57 . 3 mm . The ~11m was mounted unsymmetrically 
with respect to the X-ray beam (Straumanis technique). The 
~owder was mounted at the center o~ the camera on a gl a ss 
fiber with the aid o~ vaseline , and the s ample was rota ted 
during e~posure . 
Photographs were taken with exposures of lt and 3 
hours at 30 kvp . and 6ma . current . Both photographs showed 
the same lines, weak lines being more clearly discernible 
in the photograph of longer exposure. Fig. 13 is a positivE 
print o~ the film with the 3-hour exposure. 
In connection with the interpreta.tion of the d iff-
raction pattern, it will be well to first consider what 
Bragg reflections may be expected for the beta structure. 
The· argument here is similar to that of Bradley and Rodgers 
in their interpretation of the structure of cu2MnAl. 
2 
Bradley and Rodgers refer to four types of a tomic positions 
as follows: 
! Bradley and Rod~ers. Lo~. cit . 




Four A positions, coordinates 000; 0 1 1 1 1 1 1 2 2; 2 2 O; 2 ° 2• 
Four B positions, coordinates 1 1 1 1 t ~; i ~ 1 ~ 1 i· 4 4 4; 4 4; 4 
Four c positions, coordinates 1 1 1 lo 0· 1 1 
-- -· 0 0 -· 0 o. 2 2 2' 2 ' 2' 2 
Four D positions, coordinates i i ~; i i 1 4; 1 1 i 1 i l 4 4 ; 4 4• 
If the positions are occupied as in the fully order-
ed Cu2MnAl (and Cu2MnSn) alloy, (Fig. 5), the A and C posit· 
ions are occupied by copper atoms, the B positions by 
aluminum (or tin) atoms, and D positions by manganese atoms 4 
~1th this arrangement, Bragg reflections are possible only 
~hen h, k, and 1 are all even. This leads to Bragg reflect· 
ions.: 200, 220, 222, 400, 420, 422, 440, 442, 600, 620, •• 
• • • • etc. 
If all the positions are occupied by a single kind 
of atom, as for example in elementary alpha-·iron, the 
structure is simple body-centered cubic, the edge of the 
unit cell is halved, and Bragg reflections are possible 
only for h + k + 1 even. This leads to Bragg reflections: 
110, 200, 211, 220,.310, 222, 321, •••• etc. The same 
rule applies when the positions are occupied by a mixture 
of different kinds of atoms in random arrangement (complete 
disorder). 
Between the two extremes of completely random and 
completely ordered arrangements, we may conceive of ar-
rangements with intermediate::: degrees of randomness (thermal 
disorder; departure from ideal chemical composition for 
complete order), and Bragg reflections other than those 
stipulated above become possible . 
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The films were read at diffraction line centers and 
the Hadding correction for absorption applied to reading s 
(specimen diameter 0 . 4 mm.) . 3 Interplanar spacings were 
calculated by means of the Bragg equation. Reflections wer 
indexed with the aid of an Ewald circle, and were found to 
correspond to those to be expected rrom a partially ordered 
ody-centered cubic structure. The lattice parameter was 
calculated for each reflection. Extrapola ted according to 
the method of Bradley and Ja:y4 a value of a 0 : 6.206 was 
obtained. Using this value for a 0 , interplanar spacing s 
ere calculated for comparison with observed interpla nar 
spacings. 
Table I summarizes the diffraction data for the 
cu2Mnin alloy . These data represent the average or read-
ings from the two photographs which were taken. In the 
third column are listed the indices of the Bra gg refl e ct-
ions. In the fourth column are listed the observed inter-
lanar spacings cor~esponding to the reflections in the 
hird column. In the fifth column are listed calcula ted 
1nterplanar spacings for a 0 = 6.206 A., which ma.y be com-
ared with the observed 1nterplanar s p acings of the fourth 
column. Intensities of diffra ction lines were comp ared 
3 R. Glocker, Material*rufuns mit Rontgenstrahlen, 
(Berlin• Julius Springer, 193 ), P• lba: 4 c.s. Barrett, Structure 2f Metals, (New York: 
TABLE I 









































































































* Linea characteristic o~ simple body-centered cubic 
structure. 
**Add1t1ona1 linea expected for fully ordered 
Cu2Mnin. 
visually, and these are recorded in the first column of 
Table I using the notation s for strong, m for medium, w 
for weak, etc. 
Some of the indices in Table I have been starred 
31. 
with one or two stars. One star indicates a reflection to 
be expected from a simple body-centered cubic structure 
(completely random arrangement). Two stars indicate 
reflections inadd1tion to those with one star which are to 
~e expected from t h e completely ordered ideal structure 
~ike the Cu2MnA1 alloy shown in Fig. 5, with indium atoms 
in the place of aluminum atoms. The un-starred indices 
correspond to reflections to be expected from a structure 
lying between the two extremes of completely random, and 
completely ordered arrangements. 
After the present work was practically completed, thE 
writer's attention was directed to an articleS by ValentineP 
and Puzicha concerning the system a1uminum-indium, in which 
mention was made of a ferromagnetic copper-manganese-indium 
alloy of' composition Cu2Mnin, having the same structure as 
beta cu2MnA1 and cu2MnSn. In a letter dated March 25, 1948 
addressed to the writer, Professor Valentiner stated that a 
detailed report of his investigations on the system copper-
manganese-indium has not yet been published. In a recent, 6 
·· ·-!:> s. Vallantiner and I. Puzicha, "Das System Aluminim 
-Indium," MetalJ.forschrmg, II-4:127, 1947. 
6 s. Valentiner, "Uber den Ersatz des Aluminiums und 
~es Zinns durch Indium in den Heus1ersahen Legierungen," 
~aturw1ssensahaften, Heft 4:123, 1947. 
32 
orief paper, Professor Valentiner has summa rized his rind-
ings regarding this system, but presents no experimental 
evidence. He states that the composition cu2~mln shows the 
highest intensity or magnetization. The structure is the 
same as that or Cu2MnAl and Cu2MnSn, with a 0 : 6.2 A. This 
alloy has a very small hysteresis and coercive force (less 
tha n 0.4 oersted). The specific electrial resistivity is 
about three times as great as that or iron. The alloy is 
very brittle. The Curie temperature is about 270°C. 
Thermal treatment has but a very slight effect on the 
magnetic properties of copper-manganese-indium alloys, in 
contrast to the behaviour of the copper-manganese-aluminum 
and copper-manganese-tin alloys. 
CH!~PTER V 
EXPERIMENTAL RESULTS: SYSTEM COPPEl~-Iv1.4.NGANESE-GALLIUM 
Three copper-manganese-gallium alloys were prepa red 
and studied, and these will be designated as alloys Gl, G2, 
and G3. The alloys were analysed for copper and manganese, 
and. the gallium content was obtained by difference. Compos 
itions are listed in Table II. 
TABLE II 
CO~WOSITIONS OF CU-MN-GA ALLOYS STUDIED 
Alloy Weight per cent. 
Desie5!!ation Cu Mn ~ 
Gl 49•5 21.6 28.9 
G2 62.3 13.0 24 .. 7 
G3 57.8 16.0 26.2 
The composition of the first alloy prepared, Gl, was 
intended to correspond to atomic proportions cu2MnGa. 
Twenty-five grams of alloy were prepared by melting togethe 
the theoretical amounts of coppery gallium, and vacuum-sub-
limed manganese in an alundum crucible. Melting was 
carried out under a helium atmosphere in a Burrell High 
Temperature Furnace. The charge was heated to 1100°0. for 
half an hour and the melt allowed to cool in the crucible. 
The ingot was inverted in the crucible, remelted, and 
cooled in the furnace. 
A portion o~ the ingot was analysed for copper and 
anganese. Copper was separated as the sulfide in acid 
34 
with hydrogen sulfiae and determined by the iodide 
The ~iltrate from the copper separa tion was anal-
manganese by Volhard's method. 1 Per cent. gallium 
as obtained by di~ference. The analysis is reported in 
able II above. The composition of alloy Gl corresponds to 
tomic proportions cu1 • 97Mn1 • 00Ga1 • 05 ;~the copper content 
s slightly lower and the gallium content slightly higher 
correspond to the intended atomic proportions 
Alloy Gl~ as prepared, was examined microscopically 
and bottom of the ingot. Mixing appeared to have 
the microstructure being indistinguishable at 
op and bottom o~ the ingot. Fig. 14 shows the appearance 
der the microscope of alloy Gl, as prepared. 
Alloy Gl was not magnetic, as prepared, and a series 
heat trea tments was therefore carried out to determine 
it could be rendered magnetic. The solidus temper-
determined roughly as lying between 750°0. and 
heating a specimen for hal~ an hour at successive y 
igher temperatures :and examining microscopically for evi-
of melting • . 
The Gl alloy was homogenized at 650°0 • . for 23 hours 
quenched in water at room temperature. Samples for 
icrosoopie exam~at1on and magnetic measurements were 
Fig. 14. 
lOOX 
Alloy Gl, Solidified and Cooled in Furnace. 
Alcoholic Fec13-HCl Etch. 
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btained by breaking the ingot up with a hammer. Samples 
ere sealed off in evacuated Pyrex glass tubes in sets of 
hree for quenching and subsequent ageing experiments. 
amples were heat treated according to the schedule sho\vn 
in Table III . 
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The specimen~ were examined microscopically as~ 
uenched, and their appearances are shown in the photomicro 
raphs Fig . 15-19 . The specimen quenched from 750°0. showe 
igns of melting. All the other specimens showed two con-
tituents . 
Specific saturation magnetizations of quenched alloy 
ere measured. Samples of quenched alloys were aged at 
00°C. and 200°C . for times .-.ranging up to 110 hours, and 
agnetizations were measured at intervals. The results of 
ageing experiments are recorded 1n Table IV. 
The specimens were only feebly magnetic, as quenched 
the effect of ageing on magnetization was very slight. 
t bl ti th i h d from 650oc. no a e excep on was e spec men quenc e 
had a saturation magnetization about 2i per cent . of 
of nickel as quenched . Ageing at I00°C. doubled this 
alue, while ageing at 200°C . reduced this value ten-fold. 
In view of the feeble magnetism of alloy Gl, and the 
omplexity of interpretation of the microstructure, it was 
ecided to abandon this alloy and to attempt to produce a 
ingle-phase, ferromagnetic alloy. It will be reca lled 




HEAT TREATMENT OF ALLOY G1 
Specimen 
Des15!!at1on Heat Treatment 
G1-750 15 gr. at 650°C., 8 hr. at 700°0., 10 hr. at 
r11 750 
750 c.' quenched 
same as Gl-750, , then aged at 100°0. 
'-I -100 
750 
G1-200 same as G1-750, then aged at 200°C. 
G1-700 15 hr. at 650°C., 8 hr. 0 at 700 c., quenched 
700 
G1-100 same as Gl-700, then aged at 100°0. 
G1 _700 200 sa.me as G1"'P!700, then aged at 200°0. 
G1-650 15 hr . at 650°C., quenched 
650 
Gl-100 same as Gl.-650, then aged at 100°C. 
. 650 
G1-200 same as G1-650, then aged at 200°0. 
G1-600 15 hr. at 650°C., 15 hr. at 600°C., quenched 
600 
G1-100 same as Gl-600, then aged at 100°C. 
600 
G1-200 same as G1-600, then aged at 200°C. 
Gl-550 15 hr. at 650°C., 15 hr. at 600°C.' 24 hr. at 
550°C., quenched 
550 
G1 -lOO same as Gl-550, then aged at 100°C. 
550 Gl-200 same as Gl-550, then aged at 200°C. 
Gl-500 15 hr. at 650°C., 15 ~· at 600°C.' 24 hr. at 
550°C., 36 hr. at 500 c., quenched 
500 
Gl-100 same as G1~500, then aged at 1oo
0 ;c. 
500 
G1-200 same as G1-500, then aged at 200°C. 
Fig . 
lOOX 
--Alloy Gl, Quenched from 700°C. 
Pot. Dichromate Etch. 
Fig . 16. - - Alloy Gl, Quenched from 650°0. 
lOOX Pot. Dichromate Etch. 
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Fig. 17 . - Alloy G1~~ Quenched :from 6oo0 c. 
100X Pot . Dichromate Etch. 
Fig. 18. - Alloy G1, Quenched :from 550°0 . 
100X Pot . Dichromate Etch. 
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Fig. 19. -Alloy Gl, Quenched rrom 500°C. 
100X Pot. Dichromate Etch. 
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TABLE IV 
SATURATION MAGNETIZATION OF QUENCHED AND AGEB ALLOY G1 
Saturation Magnetization, Er5s/Gram/Oersted 
Specimen arter Ageing Time, Hours 
* Des15n:ation __Q_ 
.ill. _l_ __L _]£ __1Q_ 64 110 
750 Gl-100 0.33 0.38 0.44 0.44 0.55 0.49 
750 
G1 -200 0.05 0.05 0.16 0.05 0.11 0.11 
700 
G1 -100 0.16 0.16 0.16 0.22 0.33 0.33 
G1 -. 700 
-!!200 0.49 0.55 0.60 0.49 0.49 0.44 
650 
G1 -100 1.60 1.67 1.61 1.73 2.51 2.96 3.06 3.12 
650 
G1 -200 1.14 1.14 1.20 1.07 1.17 0.27 0.16 0.16 
Gl-600 
100 o.oo 0.16 o.oo 0.11 0.71 0.76 0.82 0.93 
600 
Gl-200 o.oo 0.33 0.66 0.76 0.60 0.33 0.16 0.16 
550 
G1-100 0.05 0.05 0.05 0.16 0.22 0.33 0.33 0.49 
550 
G1 -200 o.os 0.05 0.05 0.11 0.33 0.11 0.16 0.22 
500 
G1 -100 0.05 0.11 0.05 0.05 0.11 0.11 
500 
G1 -200 0.05 0.05 0.05 0.05 0.11 o.11 
*superscript number is quenching tempera ture, degrees 
p.; subscript number 1s ageing temperature, degrees c. 
42 
interest for some future investigator to determine whether 
~n alloy of composition Cu2~mGa ever exists as a single 
phase, analogous to the beta phases of composition cu2~mAl, 
cu2MnSn, and Cu2Mnin. 
Two additional alloys, designated G2 and G3, were 
next prepared in amounts of five grams, by remelting left 
~overs from the Gl alloy, with copper additions, in evac-
~ated vitreosil tubes. The tubes, containing their charges 
were heated to 1100°0 . for half an hour, and shaken frequ-
ently . They were then plunged into water . The tube con-
taining alloy G2 cracked in the water, and the molten alloy 
ran out, solidifying in the form of a button under water. 
tthis specimen contained many small holes, probably due to · 
steam. Alloys G2 and G3 were analysed as in the case of Gl. 
~esults being reported in Table II above . 
Alloys G2 and G3 were homogenized for 15 hours at 
750°C ., quenched in water at room temperature, and examined 
microscopically. Alloy G2 -had the martensitic appea r a.nce 
shown in Fig. 20, and there was no evidence of the presence 
of more than one constituent. Alloy G3 had a martensitic 
appearance near the center of t h e sample section, while the 
outer part of the section appeared to consist of polyhedral 
grains of a single const1 tuent (Fig. 21, 22:). 
Both alloys G2 and G3 were magnetic as quenched. 
Experiments were carried out on alloy G3 to determine the 
effect of certain heat treatments on magnetization. 
A specimen of alloy G3 cooled in the furnace from 
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Fig. 20. - Alloy G2, Q~enched from 750°0 •. 
~oox Alcoho~~c Fecl3-Hcl Etch. 
Fig . 21. - Alloy G3, Quenched from 750°0 . 
Near Center of Section. 
200X Alcoholic FeC13-HCl Etch. 
Fig. 22. 
lOOX 
0 Alloy G3, Quenched from 750 c. 
Near Edge of Section. 
Alcoholic FeC15-HCl Etch. -
44 
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7 50°C . became non- magnetic , and under the microscope had thE 
appearance or Fig . 23 . A transformation on slow cooling is 
indicated . This behaviour is similar to that of slowly 
cooled copper- manganese- aluminum and copper-manganese-tin 
~erromagnetic beta alloys . 
Specimens of the quenched G3 alloy 1,;ere aged at 100°< 
and 200°C. , and magnetizations measured at intervals . 
Rsults are shown in Table V. The magnetization of the 
specimen aged at 200°C . decreased with ageing time , and 
arter 40 hours was very feebly magnetic . The effect of 
ageing at l00°C. was also to cause a decrease in magnetiz-
ation , but at a slower rate . In neither case was a trans-
~ormation indicated by microscopic examination. The curves 







EFFECT OF AGEING ON MAGNETIZAT~ON OF ALLOY G3 
QUENCHED FROM 750 C. 
Saturation Magnetization , Ergs/Gram/Oersted 
after Ageing Time, . Hours 
~ 1 L4 _L_ 4 ....l.Q_ _!fQ_ __2.1_ 110 
36 . 4 35 . 1 35. 4 34. 8 34. 0 31 . 2 27 . 4 22 . 1 
36 . 6 11 . 3 6 . 71 2 . 22 0 . 48 0 . 33 
506 
8 . 35 
X- ray diffraction photographs were taken of powder 
samples of alloys G2 ·and G3 . The powders were prppared 
from the homogenized ingots by filing , and screened through 
bolting cloth. The samples were cleaned with a pocket 
Fig . 23 . - Alloy G3, Cooled in Furnace From 750°0. 
lOOX Pot. Dichromate Etch. 
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.a~--~------+-------+-------+--------+-~ 
0 o 0.1 I 10 100 1000 
A"EIN& TIME, HOUR,$ 
Fig . 24 . - Effect of Ageing on Saturation Magnetization 
of Alloy G3 . -
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there being sufficient difference in magnetizations 
and the alloys for preferential attraction of the 
The powders were annealed for 3 hours at 750°C . in 
vacuated quartz tubes , and quenched by breaking the tubes 
n plunging into a beaker of distilled water . The powders 
rinsed in alcohol , then ether, and dried by holding 
a light bulb . 
X- ray diffraction photographs were taken using un-
iltered K radiation from an iron target . The camera was 
ylindrical , Debye- Scherrer type , having a diameter of 57 . 3 
• The film was mounted unsymmetrically with respect to 
X-ray beam (Straumanis technique) . The powder was 
at the center of the camera on a glass fiber with 
of vaseline , and the sample was rotated during 
Exposures were of 1i hours duration at 30 kvp . 
ma . current . 
F ig. 25 and 26 are positive prints of the patterns 
alloy G2 and G3 respectively . Interplanar spacings are 
Table VI . These are corrected for absorption 
( specimen diameter , . 0 ~ 3 mm . ) . 2 
Attempts to deduce the structure or structures indi-
ated by the diffraction patterns failed . In particular, 
o combination o~ lines could be found which is reconcilabl 
ith lines to be expected from a body-centered cubic struc-
ure , simple or ordered. The occurence of martensitic 
structures in quenched alloys (Fig . 21 and 22) suggests 
Fig. 25. - X-Ray Diffraction Pattern of Alloy G2, Quenched from 750°C ., 




X-RAY DIFFRACTION DATA FOR ALLOYS G2 AND G3 
QUENCHED FROM 750°0 •. 
Alloy G2 Alloy Q2 
Intensity d Radiation Intensity d 
w 2 . 441 -· FeKoc ww 2;446 
w 2-;.309 ~ ww 2.294 
m 2.286 (X' m 2.286 
w 2.128 ,8 ww 2.122 
s 2.127 ()(. s 2.127 
m 2.015 fd m 2.019 
ss 2 . 015 ex ss 2.018 
w 1.971 ~ 
m 1 '.968 ex m 1.968 
m 1.560 0( m 1.556 
m 1.536 {X m 1.532 
a m 1.371 
w 1.336 ,6 ww 1.328 
m 1.332 0( m 1.335 
w 1.294 ~ ww II.292 
s 1.296 0( s I .. 295 
s 1.207 0( s · 1.207 
w 1.150 ()( w 1.148 
m 1.134 D( m 1.135 
ss 1.108 0( as 1.108 
m 1.087 ex m 1.076 
ww 1.065 13 w 1.062 
m 1.066 ~- m 1.067 
nt 1.010 oc. w 1.011 
w 0.9926 0( 
~$rongly that the high temperature equilibrium structure is 
not retained by quenching. The acicular structure of 
quenched beta copper-gallium alloys has been noted by Hume-
Rothery and Raynor,3 and it is quite possible that this 
behav~our persi8Ls in the case of ternary beta copper-
manganese-gallium alloys. Also, We1bke4 noted the resemb-
lance of beta copper-gallium alloys to beta copper-alumin-
um alloys, which are known to develop martensitic structure~ 
on quenching.5 
In connection with the X-ray analysis of beta copper-
gallium alloys, Hume-Rothery and co-workers state:6 
In this system ~opper-galli~, experiments 
with quenched alloys may give quite misleading 
results. Thus an alloy containing 23.6 atomic per 
cent. gallium when photographed at 692 c. gave 
lines of the simple body-centered cubic structure. 
A specimen of the same alloy quenched from 700°C •. 
and then examined at room temperature gave the 
lines of a simple close-packed hexagonal structure, 
although under conditions of true equilibrium an 
alloy of this composition is never in the homogen-
eous zeta region ~lose-packed hexagonal structur~ • 
In the light of this, it was thought that the diffraction 
patterns obtained for quenched alloys G2 and G3 might 
corre&pond with the hexagonal close-packed structure . 
~owever, a suitable ma,tch could not be found on Hull~Davey 
J Hume-Rothery and Raynor, Loc. cit. 
4 Weibke , Loc. ~· 
5 A.B. Greninger, "The Martensite Transformation in 
Seta Copper-Aluminum Alloys," Trans. A.I.M.~., ~· Metals 
~., .133:204-227, ~ 1939~ 
6 Hume-Rothery, Reynolds, and Raynor, Loc. cit. 
charts7 for the close-packed hexagonal structure. 
7 W. P. Davey, ''A New X-Ray Diffraction Apparatus ," 




From the results of this investigation, the follow-
ing conclusions may be drawn: 
System Copper-Manganese-Indium. 
1. A ferromagnetic copper-manganese-indium alloy 
containing 42.5 weight per cent. copper, 18.0 weight per 
cent. manganese, and 39.5 weight per cent. indium has been 
pr~pared. This composition corresponds to atomic proport-
ions Cu2.ooMno.952In1.oo• -
2. Quenched from 500°0., t h is alloy had an ordered 
~ody-centered cubic structure, and is probably structurally 
~nalogous to the beta phases in the ternary systems copper-
manganese-aluminum and copper-manganese-tin. 
3 • . The room temperature saturation moment of this 
alloy was about e~ual to that of nickel. 
System Copper-Manganese-Gallium. 
1. A copper-manganese-gallium alloy containing 49.5 
weight per cent. copper, 21.6 weight per cent . manganese, 
and 28.9 weight per cent. gallium has been prepared. This 
composition corresponds to atomic proportions Cu1.97l~1.00 
Pa1.o5• 
~ This a11oy was feebly magnetic when quenched from 
[temperatures 1n the range 50o9C. to 750°C., , and: under the 
microscope appeared to eonsist of more than one phase . 
3 . Ageing of this alloy at l00°C. and 200°0., 
following quenching, for times ranging up to 110 hours had 
little effect on magnetic saturation moment . 
4 . Highest s aturation moment, amounting to about 5 
per cent . of that of nickel, was shovm by a specimen 
quenched ~rom 650°C. and aged a t l00°C. for 110 hours. 
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5 . Copper- manganese-gallium alloys containing 62.3 
weight per cent . copper, 13 . 0 weight per cent. manganese, 
and 24. 7 weight percent . gal lium; and 57.8 weight per cent. 
copper, 16 . 0 weight per cent . manganese, and 26 . 2 weight 
per cent . gallium were ferromagnetic after quenching from 
750°0 . 
6 . Both alloys showed a martensitic structure after 
quenching ~rom 750°C . 
7. The alloy containing 57 . 8 per cent. copper, 16.0 
per cent . manganese, and 26 . 2 per cent. gall ium, quenched 
from 750°0 . h ad a room,temperature magnetic saturation 
moment o~ about 70 per cent . of that of nickel. 
8 . This alloy became non-magnetic a fter slow cooling 
from 750°C . , presumably due to transformation into non-mag-
netic products : a transrormation was indicated when examin-
ed under the microscope . 
0 0 d 9 . Ageing of this alloy at 100 C. and 200 C. e ause 
a reduction in saturation moment, but no transformation 
was apparent under the microscope . Reduction in saturation 
moment took nlace more ranidl:v at 200°C . than at 100°0 •. 
10 . X-ray analysis of powdered alloys quenched from 
750°0 . failed to show the structure of the latter two 
alloys. 
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11~ The constitution of the latter two alloys may be 
tentatively described as possibly consisting of a transitiol 
phase derived from the beta phase of the system copper-
manganese-gal1~, the beta phase being stable at high 
temperature but not retained by quenching. This descript-
ion is based on indirect evidence : by analogy with beta 
copper-gallium and copper- aluminum alloys . It should be 
possible to clarify the structure of the ferromagnetic 
copper-manganese- gallium alloys with the aid of high 
temperature X- ray diffraction data . 
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THE MAGNETIC BAL.~NCE 
Theory. The magnetic balance which was constructed 
is based on a design of Feredayl, 2 ,3,4 and is similar in 
principle to balances used by Buehl and Wulff5 and by ' 
Carapella.6 The principle of operation is based on t he 
force which is exerted on a body situated in an inhomogen-
eous magnetic field. This force (in dynes) is e qual to:7 
where: 
f : mo- dH 
dx 
m ; mass of specimen, graills 
cr = specific intensity of magnetization, ergs per 
gram per oersted 
R.A. Fereday, nMethod. of Comparing Small Magnetic 
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230, 1934. 
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atus for Phase Transformation Studies of Ferrous Alloys," 
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6 L.A. Carapella, "The Ferromagnetic Nature of the 
Beta Phase in the Copper-Manganese-Tin System," Doctor's 
Thesis, Harvard University, 1941. 
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dH dx ~ rate of change of field intensity along the 
x-axis, oersteds per centimeter 
The force is in the direction of the x-axis . If the 
ield intensity is sufficient to saturate a ferromagnetic 
specimen, and ~~ is constant over the volume occupied by 
he specimen, then 01 is the specific saturation magnetiz-
ation, cr.; , for the temperature of measurement, and is 
roportional to the force per unit mass . 
Construction. The balance, set up for operation, is 
shown in Fig. 27. It consists of an electromagnet, which 
rovides an inhomogeneous magnetic field; a specimen holder 
for holding the specimen in the field; and an analytical 
alance for measuring the force on the specimen. 
The electromagnet was obtained from an old Knowles 
" New Century" magnetic ore separator. The electromagnet, 
as received, consisted of a yoke, two pole pieces, and a 
urned-out magnetizing coil. The existing pole p ieces were 
laned to form flat, parallel faces, 3! in. by 3t in., with 
a spacing of 6-9/16 in. Auxiliary cylindrical pole pieces, 
each 2-9/16 in. long, were inserted between the ma in pole 
ieces, leaving a gap of 1~7/16 in. These were of une qual 
diameter, the smaller having a diameter of 2-3/8 in. and 
the larger a diameter of 3-1/16 in. The face of the l a rger 
auxiliary pole piece was concave spherical with a 4-3/4-in. 
radius of curvature. With this arrangement, an inhomogen-
eous field was obtained in the pole gap, the field intensit 
Fig . 27 . - Magnetic Balance Set Up for Operation. 
Fig . 28 . - Auxiliary Pole Pieces and 
Their Relation to Main Po~e Pieces . 
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being greater towards the smaller pole piece . Fig . 28 
shows a close-up view o~ the auxiliary pole pieces and 
their relation to the main pole pieces . 
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The electromagnet was wound with 70 turns of cable, 
constructed by lashing together 36 strands o~ No . 12 wire 
which was salvaged ~rom the original coil. Exciting 
current was supplied from a 6-volt, D.C. generator . Fig. 
29 shows the relation between magnetizing current and flux 
density on the pole axis, mid-way between the pole ~aces. 
Current was measured with a millivoltmeter in conjunction 
with a standard shunt, a~1d ~lux density was measured with 
a Grassot fluxmeter . 
By operating the electromagnet with the pole axis 
vertical, the ,force on a specimen in the pole gap is 
vertical, and it was ~ound possible to measure the force 
with an analytical ba~anee . One arm of the balance was 
extended by lashing to the le~t-hand beam a 14-in. length 
of i-in. diameter glass rod. The specimen was held in 
position on the pole axis , mid-way between the pole f a ces, 
in a cup made ~rom glass tubing of i-inch bore . The cup 
had a side-arm of glass tubing of i-in. bore, which fitted 
snugly on the balance beam extension. 
Operation. The procedure for making a measurement is 
as ~ollows: 
1. Position and level the balance with the empty 
specimen holder in place so that the specimen cup is on the 
oo~------~------~------~------~--------L-------~-100 z.oo 300 400 500 600 
MAGNETIZING CURRENT~ At'APERES 
Fig. 29. -Relation Between Magnetizing Current and Blux 
Density in Pole Gap. 
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pole axis, mid-way between the pole ~aces. 
2. Balance the beam of the balance. This was 
accomplished by adding granular lead, contained in a small 
porcelain crucible, to the right-hand pan o~ the balance. 
3. Insert specimen in .specimen holder. 
4. Adjust magnet :t zing current to desired value. 
5. Re-balance the beam by adding lead granules to 
the right-hand pan. 
6. Turn off magnetizing current. 
7. Weigh the lead which was added to the right-hand 
pan. Correct this weight for the force exerted on the 
empty specimen holder and ~or the weight of the specimen, 
taking into account the unequal lever arms of the balance 
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beam. The corrected weight, wx, is proportional to the 
agnetization o~ the specimen of mass mx• wx/mx is pro-
ortional to the speci~ic magnetization,~, of the specime • 
8. For calibration, repeat the measurement on a 
sample o~ substance of known magnetizati.on, e.g. nickel, 
and obtain the ratio ... WNVIDNi' which is proportional to Cf:ON,·, 
the specific magnet~zation of n i ckel. 
9. The specific magnetization, ~~~ of the unknown 
specimen is obtained from the relation: 
All measurements were made in a field of 5900 oer-
steds. Electrolytic nickel o~ 99.95 per cent. purity was 
used for calibration, for which the specific saturation . 
magnetization was taken to be 54.6 ergs per gram per oer-
sted.8 Specimens were irregularly shaped chips weighing 
about -i gram . 
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Reliability o~ Measurements. Repeated measurements 
on the same specimen showed that results were reproducible, 
for a given specimen, with a mean deviation of 1 per cent. 
An estimate o~ the absolute accuracy is difficult. The 
principle of measurement involves the assumption that the 
specimen is uniformly magnetized to saturation. Magnetiz-
ation of small, irregularly shaped particles is made diffi-
cult due to t he demagnetization factor, which causes non-
iformity of magnetization and increases the field re-
quired for saturation. The effect of the demagnetization 
factor becomes less serious for materials with low satur-
ation magnetization, and for specimens magnetized along a 
imension which is long compared with other dimensions. 
easurements on specimens of nickel shot of various sizes 
in the range -3~8 mesh showed a mean deviation of 1 per 
cent., which is no greater t han the mean deviation for 
easurements on a single specimen. 
Some idea of the reliability of the measurements 
had from a consideration of data obtained for Armco 
P. Weiss and R. Forrer, "La Saturation Absolue des 
erromagnetiques et les Lois d'Approche en Fonction du Cha 
t de la " -• 
iron containing more than 99.9 per cent. iron and a speci-
men of the nickel used for calibration. The ratio of 
measured saturation magnetizations for these materials was 
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This ratio may be compared with the ratio obtained using th~ 
values of Weiss and Forrer9 for the saturation magnetizatiol 
of iron and nickel, which are, respectively, 217.8 and 
54.65 ergs per gram per oersted. This ratio is 
O";.Fe 
oo; Ni (Weiss & Forrer) = 217.8 = 3.986 .. 5J.f. 65 
The ratio 3.70 is, therefore, too small. In the most un-
favorable condition, i.e. of complete saturation of the 
nickel, this ratio would correspond to a saturation value 
for iron which is seven per cent. too 1ow. 
9 Weiss and Forrer, loc. cit. 
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